It is critical to identify at-risk patients and minimize the deleterious effects of cardiopulmonary bypass (CPB) procedures in pediatric populations. The present study screened the plasma proteome of pediatric patients undergoing CPB procedures to identify potential clinical biomarkers related to tissue damage, inflammation, or other pathologies. Blood samples were collected at five different time points from 10 children undergoing a CPB procedure. Plasma was isolated and analyzed using two-dimensional differential in-gel electrophoresis and matrix-assisted laser desorption ionization time of flight mass spectrometry. Levels of differentially regulated proteins identified by two-dimensional differential in-gel electrophoresis, and related proteins were then measured in all time points and patients. As well, associated small molecules and ions were measured. The present study identified 13 proteins and protein isoforms altered in expression, including hemopexin, ceruloplasmin, inter-alpha inhibitor H4, and alpha-2-macroglobulin. Immunoblot analysis revealed significant decreases in each of these proteins during the CPB procedure. Significant changes in the levels of copper, iron, Hb, epinephrine, norepinephrine, and serotonin were observed. The potential markers of pathology (inflammation, oxidative stress) identified during this preliminary study may illuminate opportunities for preventative measures and/or treatments during and following CPB procedures in pediatric patients. (Pediatr Res 63:
A lthough cardiopulmonary bypass (CPB) methods are well optimized and mortality rates from pediatric CPB continue to decrease (1,2), surgery-related pathologies are still a major concern. In fact, changes have been observed in levels of cytokines (3) , and CD antigens (4) in the blood following CPB procedures. Changes in such molecules may reflect tissue damage, inflammation, and other pathologies that could affect both the long-and short-term patient outcome. These markers of pathology are risk factors for in-hospital or post-discharge morbidity and mortality in pediatric CPB patients (5, 6) . A more complete catalog of the circulating changes accompanying pediatric CPB surgeries may enable better prevention and treatment of complications.
Although survival with good acute outcomes after surgery is increasingly likely with pediatric CPB procedures, neurodevelopmental complications such as lower intelligence, motor deficits, and impaired language skills remain a concern (7) . In addition, a higher incidence of behavioral and attention problems have been reported in these patients (8, 9) . Although the cause of such deficits has not been shown to result from the CPB procedure itself, it is important to identify the potential long-term effects of pediatric cardiac surgery on development.
Previous studies by our laboratory have used proteomic techniques-specifically two-dimensional differential in-gel electrophoresis (2-DIGE)-to examine the proteomic profile of various tissues and body fluids (10 -12) . We have previously applied these techniques to illuminate the proteomic profile of pediatric cardiac patients, revealing a number of changes in protein expression that occur during CPB procedures (11) . Although other proteomic techniques were considered for this analysis, the statistical power and reproducibility of 2-DIGE analysis outweighed the potential for the visualization of a greater number of proteins. Plasma is the ideal source for such analysis as it is easily sampled from patients and reflects processes in all anatomical compartments. From these analyses, it is possible to derive surrogate biomarkers of disease processes that may ultimately affect patient outcomes.
There are, however, challenges to the examination of proteins present in whole plasma. Plasma protein concentrations encompass twelve orders of magnitude (13) . As the top six most abundant plasma proteins account for over 85% of the total plasma protein mass, analysis of whole plasma masks the least abundant proteins (i.e., tissue leakage factors, cytokines, and growth factors) and possibly the most predictive biomarkers of CPB-related tissue damage and inflammation. The removal of these high abundance proteins therefore allows for the screening of over 1000 proteins present in human plasma (11, 13) .
The current study used discovery proteomics to identify protein expression changes occurring during CPB procedures and confirmed these changes across time points before, during, and after surgery, as well as in a number of different patients. The central hypothesis is that CPB produces alterations in circulating molecules that may act as biomarkers of pathophysiology and organ dysfunction after CPB procedures.
METHODS
Patient characteristics and CPB. Samples were collected from 10 pediatric patients after approval from the Penn State College of Medicine Institutional Review Board and consent forms were signed. Patient profiles are outlined in Table 1 . CPB was performed using either the Capiox Baby Rx (Terumo Corporation) or the Lilliput (Dideco, SpA) as described previously in detail (11) . Table 2 outlines the CPB parameters for each of the 10 patients. No dopamine, epinephrine or norepinephrine was administered to patients during or following CPB. For each patient, baseline samples were taken approximately 30 min before surgery (time point 1). Additional samples were taken 5 min after initiation of CPB (time point 2), at the end of CPB (immediately before weaning) (time point 3), 1 h postweaning from CPB (time point 4), and 24 h postweaning from CPB (time point 5).
Plasma processing and depletion. Blood was centrifuged and the plasma layer was removed and stored at Ϫ80°C until analyzed. Removal of six high abundance proteins (albumin, transferrin, IgG, IgA, ␣1-antitrypsin, and haptoglobin) was carried out using the antibody-based human multiple affinity column (MARS column, Agilent Technologies) as previously described for serum depletion (11, 13) . Plasma samples from a single patient (patient 3) at time points 2 and 4 were chosen for depletion and 2-DIGE analysis. Depleted plasma was stored at Ϫ20°C until use.
2-DIGE. 2-DIGE and gel analysis was performed as previously detailed using samples (10, 11) . Depleted plasma was purified from lipids and nucleic acids by precipitation (2D-Cleanup, GE Healthcare) and quantified using the 2D-Quant protein assay (GE Healthcare). Samples were brought to a pH between 8.0 and 9.0 and 50 g of each sample were labeled using Cy3 or Cy5 dye (GE Healthcare). Two hundred micrograms of unlabeled protein were used for a picking gel for mass spectrometry identification of protein species. Samples were focused on 24 cm pH 4 -7 isoelectric focusing gels (GE Healthcare) and separated by molecular weight on 10% polyacrylamide gels. On completion of electrophoresis, the picking gel was stained with SyproRuby (Bio-Rad) and all gels were imaged on a Typhoon 9410 scanner (GE Healthcare). Analysis of gel images was performed using DeCyder 6.5 software (GE Healthcare) to detect spots and calculate relative expression value.
Matrix-assisted laser desorption ionization time of flight (MALDI-ToF) mass spectrometry. Tandem MALDI-ToF (MALDI-ToF/ToF) mass spectrometry was performed as described previously (10) . Tandem mass spectrometry was performed on the 4800 Proteomics Analyzer (Applied Biosystems) and data were submitted to a MASCOT search engine for protein identification using GPS Explorer 3.6 software (Applied Biosystems). Proteins were considered identified if the combined protein score confidence interval from tandem mass spectrometry was greater than 97%.
Western blot analysis. Whole plasma from each time point and patient was diluted 10-fold with PBS. The resulting diluted plasma was assayed for protein concentration using the BCA Protein Assay Kit (Pierce Endogen). Fifteen micrograms of each sample was resolved by denaturing SDS-PAGE gel on 4 -12% Criterion precast gels (Bio-Rad). Protein was then transferred onto Immobilin-P transfer membranes (Millipore Corporation) and blocked in 5% milk, PBS ϩ 0.1% Tween 20. Blots were then probed with antibodies for inter-alpha inhibitor H4 (ITI-H4; Santa Cruz Biotechnology, Inc.), ceruloplasmin (Novus Biologicals), hemopexin (Novus Biologicals), transferrin (Novus Biologicals) and alpha-2-macroglobulin (Sigma Chemical Co.-Aldrich). Membrane bound antibodies were detected with horseradish peroxidase conjugated secondary antibodies and visualized using enhanced chemiluminescence (Perkin-Elmer). Bands were quantified using Image Quant TL (GE Healthcare) and values were normalized to the volume of plasma loaded.
Hb, iron, and copper determination. Iron, copper, and plasma Hb levels were measured from plasma using specific assay procedures (QuantiChrom Iron Assay Kit, QuantiChrom Copper Assay Kit; QuantiChrom Hb Assay Kit; BioAssay Systems Hayward, CA). Concentrations were calculated using linear regression of standard curve dilutions.
ELISA assays. Assays for serotonin (5-HT), dopamine, epinephrine, and norepinephrine content were performed using ELISA kits (and standard dilution curves) designed for small volumes (IBL, Minneapolis, MN). Ascorbic acid (10 Ϫ4 M) was added to the plasma to protect the samples from oxidation. Statistical analysis. All data are presented as mean Ϯ SEM. Statistical analysis was performed with repeated measures ANOVA followed by a post hoc paired t test. A p value Ͻ0.05 was considered significant.
RESULTS

2-DIGE analysis.
There were 1379 spots visualized following 2-DIGE analysis, of which 79 (5.7%) were altered by 50% or more (11) . Figure 1A shows an image of the 2-DIGE gel with protein species from time point 2 in green, and time point As part of the priming solution, all patients were given 50 mL of 25% albumin, 1000 units of heparin and 15 mEq of NaHCO 3 , with the exception of patient 9 who was given 25 mEq of NaHCO 3. Additionally, no platelets were given post-bypass, and only patient 8 was given blood post-bypass (250 mL). Type of oxygenator: A, capiox baby RX; B, lilliput I; C, lilliput II.
BSA, body surface area; FFP, fresh frozen plasma; mEq, milli-equivalents; MUF, modified ultrafiltration; PRBC, packed red blood cells.
4 in red. Spots represented as yellow are unchanged between samples, whereas those in shades of green or red indicate decreases and increases from time point 2 to 4, respectively. Of the changes, 14 spots were up-regulated and 65 were down-regulated. MALDI-ToF/ToF analysis of robotically excised gel plugs has lead to the identification of 13 unique protein changes (Table 3) , and a number of proteins that remain unchanged (Table 4) . For both changed and unchanged species, many are members of charge trains; that is, a series of protein spots at the same molecular weight, but different pI values across the gel. This generally indicates different isoforms or posttranslational modifications of a single protein. Such instances, where multiple identifications of a single protein were obtained, are marked with asterisks in Tables 3 and 4 . In the case of changed protein species, percent change has been averaged for all the identified spots of a single protein.
Immunoblot analysis of proteins of interest. To identify proteins of interest, literature searches were made of differentially expressed proteins using protein accession numbers. From this literature search, four protein changes were selected for further analysis (based on biologic functions related to inflammation and oxidative stress). ITI-H4, both full length (120 kD) and fragment forms (35 kD), was identified to be decreased by 54% (two spots identified, each decreased by 54%) and 96%, respectively (Fig. 1A, left) . Ceruloplasmin, a were analyzed using 2-DIGE. The image shown is the resulting gel, where separated proteins range in pI from pH 4 -7 (left to right) and in molecular weight from 140 to 20 kD (top to bottom). Areas in yellow represent proteins that were unchanged between time points, where those that are red or green represent increases and decreases between time points 2 and 4, respectively. Three-dimensional images of each spot are created using DeCyder 6.5 software based on signal intensity and spot volume. (B) Protein was measured from 10 patients at all five time points during surgery using western blot analysis. Levels of ITI-H4 and alpha-2-macroglobulin were significantly reduced during the surgery whereas levels of alpha-2-macroglobulin remained low 24 h after surgery. *p Ͻ 0.05; **p Ͻ 0.01. Copper containing/iron metabolism * Proteins denoted by an asterisk were independently identified in multiple isoforms (members of a charge train within a single molecular weight). Such multiple identifications ranged from 2 to 10 independent species. The reported percent change reflects the average change for all species.
† Hemopexin is shown to both increase and decrease. These identifications were made from opposite ends of a charge train and may reflect posttranslational modifications of the same protein.
132 kD protein, was decreased by an average of 58% (average of three spots, 61%, 61%, and 52%) (Fig. 1A, top right) . Hemopexin, a 60 kD protein, was both increased by 60% at a higher pH form, and decreased by 54% at a lower pH form (Fig. 1A, bottom right, Table 3 ). Finally, a large number of alpha-2-macroglobulin spots were altered by an average of 62% (data not shown).
Using immunoblot analysis, ITI-H4, ceruloplasmin, hemopexin, and alpha-2-macroglobulin levels were analyzed in 10 patients. All five time points were included in this analysis to determine the pattern of protein levels during and after the CPB procedure (Figs. 1B and 2) . A significant reduction of approximately 60% in levels of ITI-H4 was observed between time point 1 and time points 2 and 3 (p Ͻ 0.001 for both comparisons) (Fig. 1B, left panel) . A 30% reduction from time point 1 to time point 4 was also observed (p Ͻ 0.01). A significant reduction was also seen between time point 5 and time points 2, 3, and 4 (p Ͻ 0.001, p Ͻ 0.001, and p Ͻ 0.05, respectively). During the surgical repair itself, time points 2 and 3 were significantly reduced from time point 4, immediately after surgery (p Ͻ 0.05 for both comparisons). Levels of alpha-2-macroglobulin were observed to be decreased by 40 -50% at time points 2 (p Ͻ 0.001), 3 (p Ͻ 0.001), 4 (p Ͻ 0.01), and 5 (p Ͻ 0.05) compared with time point 1 (Fig. 1B,  right panel) .
Modest reductions in ceruloplasmin levels at time points 2 and 3 were observed compared with time point 1 (p Ͻ 0.01 and p Ͻ 0.05, respectively) ( Fig. 2A) . The initial 2-DIGE analysis showed that levels of hemopexin were increased between time points 2 and 4 (Fig. 1B, right panel) , a change that was confirmed in the 10 patient analysis (p Ͻ 0.01) (Fig.  2C) . Additionally, hemopexin is significantly reduced from time point 1 by 60% at time point 2, 50% at time point 3, and 30% at time point 4 (p Ͻ 0.001, p Ͻ 0.001, and p Ͻ 0.05, respectively) (Fig. 2C) . Levels of transferrin were also measured because of its involvement in iron metabolism, but no significant changes were observed (Fig. 2B) .
Determination of copper and iron levels in plasma. Levels of copper were increased compared with baseline during and immediately following CPB (time point 3; p Ͻ 0.01 and time point 4; p Ͻ 0.001) ( Fig. 2A) . In contrast to changes observed for copper, the levels of total iron in the plasma were significantly lower at time point 2 (p Ͻ 0.01) Fig. 2B) .
Analysis of hematocrit and Hb levels. Given that total iron will also include metal bound to Hb released during hemolysis, cell-free Hb was measured at each of the five time points in the 10 patients (Fig. 2C) . In this case, Hb levels were elevated at time point 3 (p Ͻ 0.01) and time point 4 (p Ͻ 0.001). Hb levels had normalized 24 h after surgery compared with baseline. Hematocrit levels were determined from blood samples taken during and immediately following CPB (time points 1-4). Significant decreases in hematocrit were observed at time points 2 and 3 (p Ͻ 0.01; p Ͻ 0.05, respectively) (Fig. 2D) .
Biogenic amine levels. ELISA assays were used to assess the levels of bioactive biogenic amines-the catecholamines (dopamine, epinephrine, and norepinephrine) and serotonin (Fig. 3) . Epinephrine levels rise during the course of the surgery compared with baseline (time points 2 and 3; p Ͻ 0.01 and p Ͻ 0.01, respectively), but returned to normal 24 h after surgery (time point 5) (Fig. 3) . Levels of norepinephrine were unchanged during the course of surgery, but were elevated at time point 5 (p Ͻ 0.05) (Fig. 3) . In contrast to the norepinephrine profile, serotonin produced an opposite pattern. Serotonin levels were significantly decreased at time points 3, 4 and 5, compared with time point 1 (p Ͻ 0.05, p Ͻ 0.05, and p Ͻ 0.05, respectively) (Fig. 3) . As a control, levels of dopamine were unchanged throughout the surgical intervention.
DISCUSSION
Using proteomic techniques to examine levels of plasma proteins has proven to be a useful tool to look for potential biomarkers in a number of pathologic conditions including Alzheimer's disease, heart disease, and others (14, 15) . Additionally, plasma proteomic techniques have been used to profile disease states, risk profiles, and identify therapeutic options after cardiovascular surgery (16) . The use of such techniques with pediatric cardiovascular surgery, specifically with CPB, however, is limited (11, 17) . In a previous report, we examined proteomic changes occurring during CPB procedures (11) . Following this analysis, it was observed that 5.7% of the protein species observed were changed by 50% or more during CPB (changes ranged from a 50% change to a more than 300% change). Although preliminary identification of these species by MALDI-ToF/ToF mass spectrometry only revealed ceruloplasmin to be changed, additional identification has revealed another 12 proteins as potential markers of CPB-related pathologies (Table 3) .
Of specific interest is the apparent dysregulation of proteins containing or relating to the metabolism of metal ions (ceruloplasmin and hemopexin). Observed changes in these two metal-binding proteins has led us to test the hypothesis that levels of plasma metals, metal-binding and processing proteins, and circulating neurohormones dependent on metal homeostasis significantly change during pediatric CPB. Alterations in levels of these molecules could play a role in the development of complications that arise during and following CPB procedures.
The role of ceruloplasmin has been discussed previously with the finding of decreased levels after CPB (11) . Ceruloplasmin regulates plasma copper binding and thereby controls peroxidation of iron allowing its association with transferrin. During CPB, we have documented a 40% decrease in ceruloplasmin levels. Although levels of ceruloplasmin have not been extensively studied in cardiac surgery, decreased serum levels have been associated with hepatic iron overload (18) . Additionally, ceruloplasmin has been shown to be essential for iron homeostasis and neuronal survival (19) . Decreased plasma levels of ceruloplasmin could therefore be predictive of pathologies resulting from dysregulated iron metabolism.
Changes in the levels of ceruloplasmin prompted an examination of copper and iron levels-metals directly related to the function of the protein. An increase in levels of copper during and immediately following CPB procedures is counterintuitive to what is expected with decreased ceruloplasmin levels. However, this increase could indicate the role of other copper-carrying proteins, or increases in free copper in the plasma. The role of decreased levels of ceruloplasmin in the observed iron deficiency could be related to a decrease in oxidation of iron, thereby preventing its ability to bind to transferrin and be transported into cells. Indeed, levels of transferrin, the major iron-carrying plasma protein, are unchanged, suggesting such an alternative source of deficiencies in iron.
The risk of postoperative iron deficiency could also be exacerbated by the increased clearance of Hb. Normal iron levels for infants range from 100 to 250 g/dL, whereas adult levels range from 65 to 175 g/dL. Almost all pediatric patients undergoing CPB receive adult donor blood (to provide a priming volume for the pump system). The iron levels observed in these patients were normal before surgery, but were decreased following hemodilution with donor blood and, most importantly, remained decreased by 51% even 24 h after surgery. This finding is supported by reported iron deficiency 56 d after surgery in an adult patient (20) . Early iron deficiency is a major concern because of known deleterious effects on brain development, including deficits in reading, math, spatial memory, and attention (21) .
Hemopexin protein levels were also shown to be decreased by 50 -60% during CPB in these patients. Hemopexin is an acute phase protein produced by the liver that is the major heme-binding protein in the blood. Free heme (containing iron) binds to hemopexin and is then taken up via endocytosis into liver cells or macrophages. It is this endocytosis that protects from the oxidative damage that can be induced by free heme when present in the blood. Hemopexin levels have been previously documented to change with hemolysis, however, these changes have been reported as both increases (22) and decreases (23) .
The effect of hemolysis could be directly related to increased oxidative stress-related damage during and immediately after surgery. Although this response may be a result of inflammatory responses or ischemia-related damage, it seems to occur mainly as the result of hemolysis and the resulting release of redox-active iron from erythrocytes (24) . This is validated in the present study and extended through our observations of the Hb and hemopexin relationships. Data presented in Figure 2 suggest that hemolysis results in a release of free Hb that initially may be moderated by the heme-scavenging protein hemopexin. However, significantly high levels of hemolysis persist even with the decrease in hemopexin, indicating that the heme-scavenging capacity of the blood may be compromised during surgery, which could lead to severe oxidative damage.
Other proteins observed in the study also play important roles in other potentially pathologic states. ITI-H4 is a member of a family of inter-␣-inhibitors that are produced in the liver and function as serine protease inhibitors in the blood. Many groups have reported a decrease in inter-␣-inhibitor proteins in patients with sepsis, and administration of interalpha inhibitor proteins has been shown to improve survival of patients with sepsis (25) . Conversely, increases in levels of inter-␣-inhibitors, specifically ITI-H4, were observed with inflammation and acute phase reactions (26) . Western blots identified a 60% decrease in ITI-H4 levels at time points 2 and 3 during CPB. It may be useful to monitor ITI-H4 protein levels during and after surgery to observe control over inflammatory processes during CPB. Inflammation is of particular concern as patients are currently treated with an antiinflammatory medication (methylprednisolone) during surgery.
Alpha-2-macroglobulin is an abundant plasma protein produced by the liver. Macroglobulins are involved in controlling inflammatory responses, especially when presented with pathogens. Two groups have reported significant decreases in levels of alpha-2-macroglobulin following CPB in adults (27) . Initial 2-DIGE analysis revealed decreased levels of alpha-2-macroglobulin following pediatric CPB. Analysis at all time points in 10 patients has revealed a 40 -50% reduction in alpha-2-macroglobulin levels during CPB that persists even after 24 h. Although low levels of ITI-H4 may indicate control over inflammation during surgery, levels of alpha-2-macroglobulin could serve as biomarkers of other inflammatory processes occurring during, and following, CPB in pediatric patients.
Catecholamines are naturally occurring compounds that stimulate the sympathetic nervous system. Serotonin directly affects contraction of smooth muscle venules, as well as the amplification of the effect of other endogenous vasoconstrictors and the release of norepinephrine. Both copper and iron have been demonstrated to be required for synthesis of biogenic amines, leading to their examination in pediatric cardiac patients following the observation of altered copper and iron levels.
The changes in circulating biogenic amines are noteworthy in that they display fundamentally different profiles. The observed epinephrine increases during surgery and the postsurgery norepinephrine increase, reflect increased sympathetic tone that is engaged to maintain peripheral resistance and is in agreement with previous findings from other studies (28) . Circulating serotonin level changes are concerning for a number of reasons. First, the abrupt decline between time points 1 and 2 reflects a hemodilution following addition of adult donor blood. In general, infants display higher level of circulating serotonin. However, the persistent decrease maintained 24 h following CPB indicate that patients are not able to readily recover from the surgery-induced change. Plasma serotonin, both during and after open-heart surgery, was found to be significantly decreased during both extracorporeal circulation and hypothermia (29) . Significant reductions in total serotonin concentrations (by approximately 65%) have also been reported after adult cardiac surgery (30) .
Another important observation from these studies is the consistent decreases in proteins that are produced by the liver (ITI-H4, alpha-2-macroglobulin, hemopexin, ceruloplasmin, apolipoproteins, and complement C3) (Figs. 1, 2 , and Table  3 ). It is possible that this is an indicator of liver function and/or level of tissue perfusion during surgery. The slight decrease in hematocrit levels during CPB reveals a possible contribution of hemodilution to protein levels. Although it may play a role, it is unlikely that protein changes can be completely attributable to hemodilution. Nonetheless, observed changes are still important because of their roles in pathologic processes and normal homeostasis during CPB, when their levels are low.
The results of this pilot study are promising, and illustrate the potential in identifying biomarkers of subtle biologic processes that are occurring during CPB procedures. Although this study is limited in sample size, and includes a diverse patient population, the ability to detect such robust and statistically significant changes in protein levels attributes to the fundamental nature of these changes. These changes seem to be independent of exogenous variables complicating the sample populations. It is also of note that a number of the changes observed have been documented in with similar procedures.
Further investigations of these biomarkers may lead to the improvement in the clinical outcomes in pediatric cardiac patients after CPB procedures. It will be important in future studies to identify any correlations between these biomarkers and patient clinical outcomes from days to years after surgery.
Indeed, a larger study involving 50 pediatric patients is currently being collected to obtain the statistical power needed to make such correlations, and to identify more proteins involved in pathologic processes. The eventual goal of this research focuses on personalized surgical or therapeutic interventions that lower postoperative complication rates. It is also important to continue the use of discovery proteomics to uncover additional proteins that may serve as biomarkers of not only pathologic processes, but also of tissue damage and disease.
